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Introduction

The proportion ofAIDS cases occur-
ring among persons whose primary risk
factor is intravenous drug use has in-
creased steadily since the beginning of the
AIDS epidemic. In 1986, drug use was the
primary risk factor for 16.8% of reported
AIDS cases, compared to 21.5% current-
ly. 1'2 Among new cases, the proportion is
even higher.

Intravenous drug users (IVDUs) risk
HIV infection from sexual contact and
from sharing injection equipment
needles, syringes, or other items-with in-
fected individuals. While protective
changes in behavior have been reported
among homosexuals, most IVDUs con-
tinue to place themselves at risk.3'4 The
growing importance of drug use as a mode
of HIV transmission has increased atten-
tion to AIDS prevention in IVDU com-
munities.

This analysis used a mathematical
model to explore the effectiveness of one
type of intervention, bleach distribution,
for preventing AIDS among IVDUs.
Bleach programs employ outreach work-
ers to distribute small bottles of bleach,
which IVDUs use to disinfect their injec-
tion equipment.5 An important argument
for the implementation ofbleach programs
in the United States has been that they are
more politically feasible than needle ex-
change programs. However, arguments
have been made for their use even where
needle exchange programs are well estab-
lished.6

Our study addressed the targeting of
bleach programs, asking whether and to
what extent initial HIV prevalence among
IVDUs influences program effectiveness.
A variety of obstacles, such as the diffi-
culties of conducting longitudinal surveys

of transient IVDU populations, prevent
studies of existing programs from readily
answering this question. Modeling there-
fore provides a practical means for study-
ing the conditions that determine the suc-
cess of bleach programs.

Methods

The model we used to predict bleach
program effectiveness is a Markov (state-
transition) model7 similar to others devel-
oped to simulate the AIDS epidemic.112
The model has four general states describ-
ing a hypothetical cohort of IVDUs (Fig-
ure 1). All IVDUs begin in an HIV-nega-
tive state. During each 1-year period, they
face a risk of acquiring HIV infection from
a needle-sharing partner and moving to
HIV-positive status. Once infected, they
face an annual probability of developing
AIDS and then of dying from AIDS. HIV-
negative and HIV-positive IVDUs die of
other causes during the simulation. Death
from non-AIDS causes is assumed to be
negligible once an IVDU has developed
AIDS.

We estimated probabilities of transi-
tion between model states from the liter-
ature, as described below. The model al-
lows for recruitment of new HIV-negative
drug users into the drug-using population.
It also includes already HIV-positive
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FIGURE 1-Markov Model of HIV transmission among Intravenous Drug Users.

IVDUs, who contribute to the prevalence
of HIV in the community. Program effec-
tiveness is calculated only for the initially
HIV-negative IVDU cohort, however,
and not for the community as a whole.

We use two measures ofprogram ef-
fectiveness. The first, median infection-
free survival, is the number of years until
half of the modeled cohort become in-
fected. The second is life expectancy, the
average survival of cohort members.7
Both measures capture the protective ef-
fect ofbleach use on the individual IVDU
as well as the reduction inHIV prevalence
which protects other cohort members.
Both also reflect continuing exposure to
HIV-the fact that an IVDUwho escapes
infection for 1 year will be exposed again
the foliowingyear. This long-term risk sig-
nificantly increases lifetime probabilities
of infection and is an important determi-
nant of the effectiveness of interventions
in an IVDU population.

Median infection-free survival and
life expectancy are predicted both without
and with a bleach program; effectiveness
is defined as the improvement in these
measures resulting from the program. We
compared predicted effectiveness assum-
ing programs are implemented where the
HIV prevalence among drug users is low,
medium, and high.

The analysis was conducted in three
steps described in the results section: val-
idation, baseline analysis, and sensitivity
analysis. Change in life expectancy rather

than median infection-free survival is used
in the sensitivity analysis because its cal-
culation is more precise. Computing is
done on an IBM personal computer using
the SMLTREE program (James P. Hol-
lenberg, Copyright © 1985).

This model does not consider sexual
transmission either within or outside of
the drug-using population. While sexual
transmission between individuals who
also share needles is probably a secondary
source of infection, sexual transmission to
nondrug users is an important policy con-
cern not directly addressed by our analy-
sis.

Transition Probabilties
Risk ofHIV infection. The cumula-

tive annual probability of infection for
IVDUs in the model depends on both
personal behaviors and factors external
to the IVDU (Appendix A). The risk be-
haviors include number ofneedle-sharing
partners (m), injection frequency (i), and
frequency of needle-sharing (s). The HIV
prevalence among drug users in the com-
munity determines the probability of se-
lecting an infected injection partner (p).A
final component of risk is the probability
(e) that the virus is transmitted when an
IVDU shares injection equipment with
an infected person. This probability is de-
creased when IVDUs disinfect their
equipment with bleach (u,k). The model
assumes that the risk of infection from

each shared-needle contact with a given
partner is constant and independent of
previous contacts.

We used data from the Urban Health
Study, a survey of IVDUs in San Fran-
cisco, to estimate drug-use behaviors.13
From a sample of603 interviewed in 1988,
we selected those who reported both in-
jecting drugs and sharing equipment dur-
ing the previous year (n=251). The
IVDUs we modeled were thus an active
and at-risk subgroup of drug users.

Epidemic models suggest that heter-
ogeneity of risk behavior may have an

important effect on the course of the
AIDS epidemic.14'15 We considered het-
erogeneity among drug users by defining
three separate groups at risk of infection.
The groups are distinguished by fre-
quency of injection (i), a behavior found
to be associated with HIV infection, as
our model specifies (Appendix A).16-18
We used a partitioning algorithm, which
minimizes total within-group variation, to
differentiate groups within the Urban
Health Study data. The resulting groups
included a large number of "low-injec-
tor" IVDUs (=1 injection per day); a
"medium" group (=4 injections per day);
and a small "high" group (=8 injections
per day) (Appendix B). We determined
the average proportion of injections
shared (s) and number of needle-sharing
partners (m) for each subgroup directly
from the data.

Because injection frequency is asso-
ciated with HIV infection, we assumed
that the IVDU subgroups have different
HIV prevalences prior to the bleach inter-
vention (Appendix B).16 In the course of
the simulation, prevalence continued tobe
determined separately for the three
groups. IVDUs in the model thus face a
different annual probability of infection
depending on their injection practices.

We estimated the probability of viral
transmission per infected needle contact
(e) based on the transmission in needle-
stick accidents among health care work-
ers. Combining data from a number of
studies, Friedland and Klein estimate a
risk between 0.0013 and 0.0039 (upper
confidence level = 0.0076).19 We used
0.003 inourbaseline analysis and, because
this estimate is quite uncertain, a wide
range was tested in the sensitivity analy-
SiS.

Bleach programs are actually multi-
service outreach programs, referring
IVDUs to treatment and providing infor-
mation on risk behaviors. While other ad-
vantages ofbleach programs may pertain,
our model considers only the direct im-
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pact ofbleach use on survival. We assume
bleach effectiveness (k) of 85%-despite
the virtually complete inactivation of
HIV shown in laboratory studies of
bleach222-to reflect problems in actual
usage. If IVDUs disinfect only their nee-
dles, for example, the virus may be trans-
mitted by other shared equipment. The
probability that the IVDU uses bleach at
each injection (u) is based on studies of
IVDUs in San Francisco: 0.10 before the
implementation of a program and 0.55 af-
ter 13,23,24

Risk of developing AIDS. Our esti-
mates of the incubation period (time from
HIV infection until the onset ofAIDS) are
based on data from the San Francisco
Clinic Cohort, agroup ofHV-positive ho-
mosexual men, because no similar studies
document incubation in IVDUs.25 26We
derive annual probabilities of developing
AIDS from a Weibull model fit to these
data, as descnlbed byDe Gruttola and col-
leagues., ' The Weibull model allows
the estimated annual risk of developing
AIDS, given HIV infection, to increase
with time. The Markov model is adapted
to reflect these time-dependent probabili-
ties.

Annualprobabilty of death. Proba-
bilities of death for IVDUs with AIDS are
based on a study of 1- to 5-year survival by
Rothenberg et al.29Advances in treatment
may ultimately increase survival, al-
though the recent improvements among
homosexual men have not been docu-
mented among IVDUs.? The impact of
future treatments will depend on whether
longer survival is associated with ex-
tended drug use. Our model currently
specifies that persons with AIDS transmit
HIV for only 1 year. Our conclusions
would not be affected by a longer duration
of infectivity, because most of the infec-
tion in the cohort takes place before AIDS
develops. However, predicted life expect-
ancywould increase. For this reason, our
estimates of life expectancy are appropri-
ate only for comparative purposes within
this analysis.

Age-specific mortality from non-
AIDS causes is derived from the US life
tables for males31 and adjusted to reflect
higher risks of death from overdose and
violence associated with drug use.32 Not
included in these probabilities is a substan-
tial increase in mortality coincident with
the AIDS epidemic, believed to be HIV-
related.33 The effect of an additional com-
ponent of excess mortality among HIV-
positive IVDUs is tested in the sensitivity
analyses.

FIGURE 2-Increase In prmance by risk group (Inial prevalnce 0.02).

Resuls

Validation: Model Dynamics and
Predictions ofLife Expectancy

One indicator of the validity of a

model is that it obtains expected results
under simple conditions. In this section,
we examine how simulated life expect-
ancy responds to variations and to ex-

treme values of model parameters.
In the absence of AIDS, the model

predicts an average undiscounted life ex-

pectancy of 26.64 years for a 35-year-old
IVDU. For an IVDU who becomes in-
fected with HIV at age 35, life expectancy
is only 9.58 years. Life expectancy in the
modeled cohort drops sharply when the
virus is introduced, reflecting the rapid
transmission of even low levels of HIV in
this high-risk population.

The speed of dissemination ofHIVin
a drug-injecting population is illustrated
by the increase in annual prevalence over

time (Figure 2). When the initial HIV
prevalence in the community is 2%, for
example, cohort prevalence reaches 12%
after 3 years and 53% after 7 years in the
absence of an intervention program.

(Community prevalence, which includes
recruited IVDUs, is slightly lower.) This
pattern of increasing annual prevalence
falls within the range oftrends observed in

cities including New York, Edinburgh,
and several Italian cities.34' Prevalence
increases are predictably slower among
IVDUs who inject relatively infrequently
and more rapid among frequent injectors.

Risk factors such as the number of
injections per year (i) directly affect pre-
dicted life expectancy. Life expectancy
decreases slightly at low levels ofinjection
(Figure 3) and then more rapidly as infec-
tion becomes more probable. At high in-
jection frequency, IVDUs are infected
rapidly, and more frequent injection does
not significantly worsen the risk.

While the results of these simulations
are difficult to validate empirically, the
model demonstrates plausible responses
to changes in parameter values. Of note is
the very rapid fall in life expectancy that
occurs in response to modest increases in
determinants of risk, such as HIV preva-
lence, injection frequency, or probability
of viral transmission.

Baseline Estimates ofBleach
Proram Effecieness

The baseline analysis examines the
influence of HIV prevalence on predicted
bleach program effectiveness, using our
best estimates for parameter values. We
compared effectiveness at three levels of
overall initial HIV prevalence: low (0.02),
medium (0.25), and high (0.60). These lev-
els correspond to 1987 estimates of HlV
prevalence among IVDUs in Los Ange-
les, Boston, and New York, respective-
ly.37,38

The baseline simulations indicate
that a bleach program would slow the ep-
idemic most successfully in a low-preva-
lence area (Table 1). The median infec-
tion-free survival increases from 5.9 years
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FIGURE 3-Prd ed life expectancy by frequency of Injection.

to 8.6 years. The bleach program also
slows the spread of HIV in medium- and
high-prevalence areas, but the change is
less pronounced.

Predicted life expectancy demon-
strates the same pattern of effectiveness.
The bleach program adds more years to
the life ofan HIV-negative IVDU in a low-

prevalence area than in a high-prevalence
area. In the lowest-prevalence scenario,
the initiation of the program results in a
projected savings of 2.3 life years per
HIV-negative IVDU (Table 1). The sav-
ings is 1.7 in the medium-prevalence area
and 1.3 years under high prevalence. The
program is thus predicted to be more
effective in areas where drug users are less
likely to be exposed to the virus.

Sensiity ofResults
Sensitivity analyses determine

whether varying the conditions in an anal-
ysis will alter its conclusion. Changes in
our model have the general effect ofwors-
ening or improving the predicted course of
the AIDS epidemic. The question is there-
fore whether plausible changes in the pre-
dicted epidemic course would modify our
basic conclusion, i.e., that bleach pro-
grams are more effective in low-preva-
lence areas.

Bleach use and effectiveness. Pro-
gram effectiveness remains greatest in the
low-prevalence scenario at any level of
bleach use (u) (Table 2). This occurs be-
cause bleach effectiveness (k) is less than
perfect, so that HIV infection continues
even if IVDUs use bleach at all injections.
Transmission is greatly slowed when both
bleach use and bleach effectiveness are
assumed to be higher. For example, with
bleach used at 90% of injections and 95%
effectiveness, median infection-free sur-
vival increases from 5.9 years without the
program to over 20years. However, com-
bined bleach use and bleach effectiveness
well over 90% would be required to
change our baseline results.

Interactions among IVDUs. We ex-
amined annual recruitment of new drug
users up to 10% of the original cohort size,
the equivalent of, for example, an esti-
mated 20 000 new IVDUs in New York
City each year. (Table 3). Although the
addition of larger numbers of uninfected
IVDUs dampens the yearly increase in
prevalence, higher program effectiveness
is still found in the lowest prevalence area.

Sensitivity analysis on pattems of
mixing among IVDU subgroups obtains a
similar result. In the baseline analysis, we
assumed a variant of "preferred mixing,"
in which IVDUs share most but not all
injections within their own subgroup (Ap-
pendix B).39 Sensitivity analyses test the
effect of restricted mixing (sharing only
with others in the same group) and pro-
portional mixing (sharing unrelated to the
user's own group). Effectiveness is gen-
erally higher with restricted mixng be-
cause the large low-injection subgroup is
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isolated from higher-prevalence IVDUs.
However, overall effectiveness remains
greatest at low prevalence regardless of
the mixng assumption.

Componentsofnsk Probbilityofvi-
ral transmission (e) and injection fre-
quency (i). In the sensitivity analysis on
the per-injection probability ofHIV trans-
mission (e), predicted effectiveness re-
mains highest in low-prevalence areas.
However, at the lowestvalues ofe (0.001),
predicted effectiveness in low- and medi-
um-prevalence areas is nearly the same.
Effectiveness in this range of e has begun
to diminish at the lowest prevalence level
andwould soon fall below that in medium-
and high-prevalence areas. Therefore,
while the baseline conclusion does not
change in the sensitivity analysis, the il-
lustration in Figure 4 reveals how still
lower values of this parameter would
change our results.

The sensitivity analysis on injection
frequency also examines a lower risk sce-
nario. Lower risk groups of injectors are
defined by assuming five daily injections
for any drug user reporting more than
that number. The three risk groups are
then recompiled using the method de-
scribed previously. In this analysis, ef-
fectiveness increases at all prevalence ar-
eas and remains highest in the low-
prevalence area.

Mortality. Although increased mor-
tality from non-AIDS causes decreases
life expectancy in our model, the pattern
of program effectiveness is not changed.
Effectiveness increases somewhat at all
prevalence levels and remains highest at
low prevalence.

Discussion
Under our best assumptions about

the AIDS epidemic among drug users, we
predicted that bleach programs would be
most effective in low HIV-prevalence ar-
eas. Bleach programs thus save more lives
when IVDUs are less likely to be exposed
to HIV. Intuitively, this occurs because
IVDUs are more likely to avoid (or delay)
infection in low-prevalence areas; they
therefore gain more life years if bleach
prevents infection at a particular point in
time.

Sensitivity analyses suggest that our
results are reasonably stable. Predicted ef-
fectiveness is highest in lower-prevalence
areas, with two exceptions. If bleach use
entirely or almost entirely eliminates HIV
transmission, the program is most effec-
tive where loss of life was initially
greatest-the higher-prevalence areas.

FIGURE4 Predlce ffectIveness by Inial prevalenceforassumptonsof probability
of HIV transmission per Infected needle contacL

Or, if HIV infection is initially extremely
unlikely in the low-prevalence area, effec-
tiveness becomes quite low because so

few lives are endangered by the epidemic
that bleach has few to save.

These are extreme cases, however.

Generally, factors slowing the AIDS epi-
demic would increase, not decrease, the
relative effectiveness of bleach distribu-
tion in low-prevalence areas. If IVDUs
use bleach consistently and reduce risk in
other ways, the combination will offer im-
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pressive life-saving potential, especially in
low-prevalence areas (Table 2).

In the face of a dramatic and devas-
tating illness such as AIDS, a reasonable
response on the part ofpolicymakers is to
target resources to visibly distressed loca-
tions. What we wish to emphasize is the
critical importance of preventive pro-
grams where AIDS may be less visible. It
is in low-prevalence areas, before wide-
spread infection has occurred, that bleach
programs have their greatest potential for
saving lives.

Several limitations should be consid-
ered before generalizing from the results
of this model. There are limitations in the
data, due to the intrinsic difficulty of sur-
veying IVDUs.Y Geographical differ-
ences in drug-use practices will affect gen-
eralizability. Some potential sources of
heterogeneity have not been explored, for
example, possible changes in viral infec-
tivity over time. Our model does not re-
flect interruptions to drug use for periods
of incarceration or drug treatment, which
would lower the lifetime risk of contract-
ing AIDS. These omissions will influence
our predictions of life expectancy andmay
cause us to understate program benefits;
they are less likely to affect our compari-
sons of program effectiveness across
prevalence levels. As noted earlier, our
analysis also excludes sexual transmission
ofHIV, a source ofrisk for IVDUs as well
as their sexual partners and children. Nor
are side-benefits of bleach distribution
considered, such as education and referral
to drug treatment.

In this analysis we have not assessed
the cost or cost-effectiveness of programs
in areas of differing H1V prevalence-and
indeed the probable result of such an anal-
ysis is not obvious. However, because
HIV prevalence among drug users can in-
crease rapidly, our current opportunities
for early intervention may be short-lived.
The establishment of bleach programs in
low-prevalence IVDU communities
should become an explicit priority in a na-
tional effort to prevent AIDS. El
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